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(57) ABSTRACT 

In an avalanche photodiode having a separated electron 
injection type light absorbing layer/multiplication layer 
structure, the multiplication layer comprises In 
AlGaAs with the composition thereof being graded from 
InAIAS on the light absorbing layer Side to InGaAS and 
preferably has a thickness of not more than 0.1 lim. By virtue 
of the above construction, Very low noise characteristics and 
ultraspeed characteristics can be attained in photodetectors 
at 1 um wavelength for long distance optional communica 
tions. 

9 Claims, 7 Drawing Sheets 

8 
Six PASSWAONLAYER 

7 
p-TYPE InGaAs CONTACLAYER 
6 
p-TYPE InP CAPLAYER 
5 
p-TYPE InGaAs LIGHT ABSORBINGLAYER 

3 -TYPE MULTIPLICATIONLAYER WITH 
GRADENT COMPOSITION OF In--AlGaAS 

100-InPSUBSTRATE 





U.S. Patent Feb. 26, 2002 Sheet 2 of 7 US 6,350,998 B1 

F1 G. 2A 

In AGOAS 
INTERNAL PSEUD-ELECTRIC 
FIELD 125 kV/cm 

InGaAS AEC = 0.5 eV 

EC 

Eg= 0.77 eV 

EW 

INTERNAL PSEUD-ELECTRIC 
FIELD -50 kV/cm 

--- 
In GOAS LIGHT MULTIPLICATION LAYER 

ABSORBNGLAYER WITH GRADENT InALGOAS 
COMPOSITION 40nm 

WHERE NOELECTRIC FIELD IS APPLIED 

AEW = 0.2 eV 

F1 G. 2B 

ELECTRON 

EFFECTIVE ELECTRIC 
FIELD 300KW/Crn 

AEC = 0.5 eV 

Eg = 0.77 eV 

AEW = 0.2 eV 

Holy 
EFFECTIVE ELECTRIC 
FELD 25kV/Crn 

WHERE ELECTRIC FELD IS APPLIED 

  

    

  

    

  

  

  

  

  

  

  



U.S. Patent Feb. 26, 2002 Sheet 3 of 7 US 6,350,998 B1 

F1 G. 3A 

ELECTRIC FELD RELAXATION LAYER 
WITH GRADENT COMPOSITION 

-- INTERNAL PSEUD-ELECTRIC 
FIELD 125 kW/Cn 

AEC = 0.5 eV 

EC 

Eg = 0.77 eV 

EW 

INTERNAL PSEUD-ELECTRIC 
FIELD -50 kW/Cn 

AEW = 0.2 eV 

--- 
inGGASLIGHT MULTIPLICATION LAYER 

ABSORBING LAYER WH GRADENT InAGOAS 
COMPOSITION 4Onn 

WHERE NOELECTRIC FELD IS APPLIED 

F1 G. 3B 

AEC = 0.5 eV 
ELECTRON 

EFFECTIVE ELECTRIC 
FIELD 300KW/CT 

N 
HOLEO 

EFFECTIVE ELECTRIC 
FIELD 125kV/Cm 

WHERE ELECTRIC FELD IS APPLIED 

  

  

  

  

  

  

  

  

  



U.S. Patent Feb. 26, 2002 Sheet 4 of 7 US 6,350,998 B1 

F1 G, 4A 
ELECTRIC FELD RELAXATION LAYER 

WITH GRADENT COMPOSITION 

INTERNAL PSEUD-ELECTRIC 
FIELD 125 kV/cm 

EC 

Eg = 0.77 eV 

EV 

INTERNAL PSEUD-ELECTRIC 
FIELD -50 kV/cm 

-- 
In GOAS LIGHT MULTIPLICATION LAYER 

ABSORBNGLAYER WITH GRADENT InAGOAS 
COMPOSITION 4Onn 

WHERE NOELECTRICFIELDS APPLIED 

AEW = 0.2 eV 

FIG 4B 
INTERNAL ELECTRIC 
FIELD 75kW/CIn 

ELECTRON 
INTERNAL ELECTRIC 
FIELD 200kW/Cm 

Eg = 0.77 eV 

HoS 
INTERNAL ELECTRIC 
FIELD 25kV/cm 

WHEREELECTRIC FELD IS APPLIED 

  

    

  

  

  

  

  

  





US 6,350,998 B1 Sheet 6 of 7 Feb. 26, 2002 U.S. Patent 

300}{10ETE O|WHOadael; B00810BTE 0|WHOBak?? 

9 º 9/ -/ 

    

  

  

  



US 6,350,998 B1 

Z * 9 | -! 

U.S. Patent 

  

  



US 6,350,998 B1 
1 

ULTRASPEED LOW-VOLTAGE DRIVE 
AVALANCHE MULTIPLICATION TYPE 
SEMCONDUCTOR PHOTODETECTOR 

FIELD OF THE INVENTION 

The invention relates to a Semiconductor photodetector 
for optical communications, optical information processing, 
optical measurement and the like, and more particularly to 
an ultraspeed, low-voltage drive avalanche multiplication 
type Semiconductor photodetector. 

BACKGROUND OF THE INVENTION 

PIN type Semiconductor photodetectors comprising a 
light absorbing layer of Inos GaozAS (hereinafter referred 
to as “InGaAs layer”) provided in a lattice matched form 
onto an InP substrate (Yonedu, “HIKARI TUSHIN SOSHI 
KOGAKU (OPTICAL COMMUNICATIONS DEVICE 
ENGINEERING).” Kougaku Tosho Co., Ltd., 371 (1983)) 
and avalanche multiplication type Semiconductor 
photodetectors, Electronics Letters, Vol. 20, 653–654 (1984) 
are known as conventional Semiconductor photodetectors 
for optical communications in a 1 to 1.6 um wavelength 
range. In particular, by Virtue of internal gain effect and 
high-Speed response derived from avalanche multiplication, 
the latter has been put to practical use for long distance 
communications. 

A typical InGaAS-APD (the avalanche multiplication type 
Semiconductor photodetector being hereinafter often 
referred to as “APD") will be explained. The InGaAs-APD 
is operated as follows. Among photocarriers generated in the 
InGaAS light absorbing layer, holes are injected by the 
electric field into the InP avalanche multiplication layer. 
Since a high electric field is applied to the avalanche layer, 
the holes are accelerated and give rise to impact ionization. 
Noise characteristics and high-speed characteristics impor 
tant for the characteristics of APD are governed by random 
ionization process of carriers in the course of multiplication. 
More Specifically, a higher ratio of the ionization coefficient 
of electrons and the ionization coefficient of holes in the 
multiplication layer leads to expectation of lower noise 
characteristics. Further, the time taken for providing a pre 
determined multiplication factor can be shortened with 
increasing the ionization coefficient ratio, and in this case, 
high-Speed characteristics can also be attained. Electron 
ionization coefficient a may be larger than hole ionization 
coefficient?, or vice versa. A larger ratio C/B (or f3/C) offers 
better results. 

The ionization coefficient ratio, however, is inherent in 
materials, and, in the case of InP as the multiplication layer 
in the InGaAS-APD, is about 2 at the highest in terms of B/C. 
On the other hand, in the case of Si-APD used at 0.8 um 
wavelength, the ionization coefficient (C/B) of the Simul 
tiplication layer is as large as about 20 to 50, and hence can 
offer Satisfactory low noise characteristics. For this reason, 
development of APDs having a high ionization coefficient 
ratio even in a long wavelength range, i.e., a 1 to 1.6 um 
wavelength range, has been desired in the art. 
On the other hand, in recent years, research reports have 

been made on Superlattice APDs and staircase APDs having 
a Superlattice Structure and a multilayered Structure with a 
graded composition in the multiplication layer. These APDS 
have been prepared with a view to accelerating the impact 
ionization of electrons using conduction band discontinuous 
energy and increasing the ionization coefficient ratio. The 
gain bandwidth product for Superlattice APDS using an 
InAIAS/InAlGaAS Superlattice layer as the multiplication 
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2 
layer has been reported to be 120 GHz which is on a level 
high enough for practical use of the APDs (IEEE Photonics 
Technology Letters, Vol. 5, 675-677 (1993)). Further, for 
Staircase APDS using, as the multiplication layer, a multi 
layered Structure with the composition thereof being graded 
from InAlAS to InAlGaAS, an ionization coefficient ratio 
exceeding the Superlattice APDS has been reported (Appl. 
Phys. Letters, Vol. 65, 3248-3250 (1994)). 
On the other hand, a plurality of proposals have been 

made for increasing the ionization coefficient ratio on a 
principle different from the above principle. One of them is 
a graded gap APD (for example, Int. Symp. GaAS and 
Related Compounds, Japan, 473–478 (1981)). In this APD, 
a multiplication layer with the band gap energy being 
continuously graded is used to travel electrons from the wide 
gap Side to the narrow gap Side. The impact ionization is 
known from experience to occur when the carrier has 
obtained energy in an amount of at least 1.5 times the band 
gap. Therefore, electrons being traveled toward the narrow 
gap Side are likely to cause impact ionization. On the other 
hand, holes are traveled toward the wide gap Side, and hence 
is less likely to cause impact ionization. This leads to 
expectation of an improvement in ionization coefficient 
ratio. Here the graded band refers to the presence of internal 
pseudo-electric field. Therefore, energy in a larger amount 
than the externally applied electric field is given to the 
electrons. In this research report, a device having a 0.7 
tum-thick multiplication layer of AlGaAS is compared 
with a 0.4 um-thick multiplication layer of AlGaAS to 
demonstrate that the latter has a larger ionization coefficient 
ratio. Theoretically, since the internal electric field effect of 
the conduction band is increased, the multiplication factor of 
electrons must be increased. According to experimental 
results, however, there is no significant change in multipli 
cation factor of electrons, and the multiplication factor of 
holes is Suppressed, resulting in increased ionization coef 
ficient ratio. There are no experimental reports on Such 
APDS. 

AS described above, an attempt to improve the ionization 
coefficient ratio has been made on APDs at long wave 
lengths. As described in the above report, Superlattice APDs 
and Staircase APDS capable of coping with a frequency band 
of 10 Gb/s could have been realized. In these devices, 
however, the operation Voltage is not less than 20 V, and the 
Suppression of ionization coefficient ratio by the application 
of high electric field occurs. Consequently, the ionization 
coefficient ratio is about 3 to 6 at the highest. 

SUMMARY OF THE INVENTION 

Under the above circumstances, the invention has been 
made, and it is an object of the invention to provide an 
avalanche multiplication type Semiconductor photodetector 
that can Simultaneously realize low-voltage operation and 
high ionization coefficient ratio. 

According to the first feature of the invention, a avalanche 
multiplication type Semiconductor photodetector comprises: 
a Semiconductor Substrate; and at least a light absorbing 
layer and a multiplication layer provided on Said Semicon 
ductor Substrate, the light absorbing layer comprising 
InGaAs, the multiplication layer comprising In 
AlGaAs with the composition thereof being graded so that 
the energy band is continuously decreased from the light 
absorbing layer Side toward the multiplication layer in its 
Side remote from the light absorbing layer. 

In the Semiconductor photodetector according to the first 
feature of the invention, adoption as the multiplication layer 
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of Ind-AlGaAs with the composition thereof being 
graded permits an electric field exceeding 50 kV/cm to be 
added to electrons, and occurrence of ionization of electrons 
in the narrow gap is likely to cause impact ionization. On the 
other hand, bringing an effective electric field applied to 
holes to not more than about 200 kV/cm prevents impact 
ionization of holes. This renders the ionization coefficient 
ratio close to infinity, So that very low noise characteristics 
can be realized. 

In the Semiconductor photodetector, the thickness of the 
multiplication layer is preferably not more than 0.1 lim. 

Preferably, the composition of the multiplication layer is 
graded from InAlAs to InGaAs. 

According to a preferred embodiment of the invention, an 
electric field relaxation layer of In-AlGaAs is inter 
posed between the light absorbing layer and the multiplica 
tion layer. 

Preferably, the composition of the electric field relaxation 
layer is graded from InGaAS on the light absorbing layer 
Side to InAlAS on the multiplication layer Side So as to 
continuously increase the energy band. 

In the Semiconductor photodetector having the electric 
field relaxation layer, preferably, the light absorbing layer is 
of p-conductive type, the electric field relaxation layer is of 
p-conductive type, and the multiplication layer is 
n-conductive type or a high-resistance layer (i-conductive 
type). 

Alternatively, all the light absorbing layer, the electric 
field relaxation layer, and the multiplication layer may be of 
n-conductive type or a high-resistance layer (i-conductive 
type) 

BRIEF DESCRIPTION OF THE DRAWING 

The invention will be explained in more detail in con 
junction with the appended drawings, wherein: 

FIG. 1 is a diagram showing the Structure of a conven 
tional InCaAS APD; 

FIGS. 2A and 2B are diagrams illustrating the function of 
a preferred embodiment of the invention; 

FIGS. 3A and 3B are diagrams illustrating the function of 
another preferred embodiment of the invention; 

FIGS. 4A and 4B are diagrams illustrating the function of 
a further preferred embodiment of the invention; 

FIG. 5 is a diagram illustrating a preferred embodiment of 
the invention; 

FIG. 6 is a diagram illustrating another preferred embodi 
ment of the invention; and 

FIG. 7 is a diagram illustrating a further preferred 
embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Before describing the Semiconductor photodetector 
according to preferred embodiments of the invention, the 
conventional Semiconductor photodetector will be explained 
in conjunction with FIG. 1. 
A typical conventional InGaAS-APD is shown in FIG. 1. 

This InGaAS-APD comprises: an Inp substrate 1; an n-type 
ohmic electrode 10 provided on one side of the InP substrate 
1; and an n-type InPbuffer layer 2, an n-type InGaAs light 
absorbing layer 13, and an n-type InP multiplication layer 14 
provided in that order on the InP substrate 1 in its side 
remote from the n-type ohmic electrode 10. A p-type 
photodetection region 15, a guard ring region 16, and an 
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4 
n-type InP cap layer 17 are provided on the n-type InP 
multiplication layer 14. Further, an SiNX passivation layer 8 
and a p-type ohmic electrode 9 are provided thereon. The 
operation of this InGaAS-APD will be explained. Incident 
light 11 enters in a direction indicated by an arrow. Among 
photocarriers generated in the InGaAS light absorbing layer 
13, holes are injected by the electric field into the InP 
avalanche multiplication layer 14. Since a high electric field 
is applied to the avalanche layer, the holes are accelerated 
and give rise to impact ionization. Noise characteristics and 
high-speed characteristics important for the characteristics 
of APD are governed by random ionization process of 
carriers in the course of multiplication. More specifically, a 
higher ratio of the ionization coefficient of electrons and the 
ionization coefficient of holes in the multiplication layer 
leads to expectation of lower noise characteristics. Further, 
the time taken for providing a predetermined multiplication 
factor can be shortened with increasing the ionization coef 
ficient ratio, and in this case, high-speed characteristics can 
also be attained. Electron ionization coefficient a may be 
larger than hole ionization coefficient B, or Vice versa. A 
larger ratio C/B (or f3/C) offers better results. 
The ionization coefficient ratio, however, is inherent in 

materials, and, in the case of InP as the multiplication layer 
in the InGaAS-APD, is about 2 at the highest in terms of B/C. 
On the other hand, in the case of Si-APD used at 0.8 um 
wavelength, the ionization coefficient ratio (C/B) of the Si 
multiplication layer is as large as about 20 to 50, and hence 
can offer Satisfactory low noise characteristics. For this 
reason, development of APDS having a high ionization 
coefficient ratio even in a long wavelength range, that is, a 
1 to 1.6 um wavelength range, has been desired in the art. 
The Semiconductor photodetectors according to the pre 

ferred embodiments of the invention will be explained in 
conjunction with FIGS. 2 to 7. 

FIG. 2 is a diagram showing a band structure for explain 
ing APD according to a preferred embodiment of the 
invention, wherein FIG. 2A represents a band structure 
where no electric field is applied and FIG. 2B a band 
Structure where an electric field is applied. AS is apparent 
from FIGS. 2A and 2B, the device structure is such that a 
narrow gap InGaAS light absorbing layer is contiguous to a 
multiplication layer with the composition thereof being 
graded from InAIAS to InCaAs. When the width of the 
multiplication layer having a graded composition is 40 nm, 
the conduction band discontinuous energy between the light 
absorbing layer and the multiplication layer is 0.5 eV. 
Therefore, the grading of the band in the conduction band 
has an internal electric field of 125 kV/cm and acts So as to 
accelerate electrons. On the other hand, Since the discon 
tinuous energy in the Valence electron band is 0.2 eV, the 
grading of the band permits a field strength of 50 kV/cm to 
be added So as to decelerate holes. Next, operation in the 
case where an electric field is applied will be discussed (FIG. 
2B). For example, when an external voltage of 0.7 V is 
entirely applied to the multiplication layer, the effective field 
strength applied to electrons in the conduction band is 300 
kV/cm because the effect attained by the grading of the band 
is added. On the other hand, the effective electric field 
applied to holes in the Valence electron band is as low as 125 
kV/cm. 

In this case, according to the invention, grading of the 
composition of the multiplication layer from InAlAS to 
InGaAs and the Small thickness (not more than 0.1 um) of 
the multiplication layer having the graded composition can 
offer significant effect. At the outset, the effect attained by 
the graded composition of the multiplication layer will be 
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explained. Electrons injected into the multiplication layer 
are traveled from the InAlAs layer side toward the InGaAs 
layer Side. In the course of travelling, electrons obtain 
energy proportional to the effective field Strength, leading to 
impact ionization. In fact, Since the multiplication layer 
width is narrow, multiplication occurs at the end of the 
multiplication layer, that is, around InGaAS. 

The ionization coefficient of InCaAS is known to have a 
relatively large electron ionization coefficient even at a field 
strength of 200 kV/cm (see, for example, OPTICAL COM 
MUNICATIONS DEVICE ENGINERING p. 389, noted 
above). According to the Semiconductor photodetector of the 
invention, a field strength of 300 kV/cm can be added to 
electrons by applying an external electric field of only 0.7V. 
On the other hand, holes generated by impact ionization of 
electrons are traveled from the InGaAS side toward the 
InAlAs side. However, the effective field strength, where an 
external electric field of 0.7 V is applied, is as low as 125 
kV/cm. Further, holes are traveled toward InAlAS on the 
wide gap Side. Since, however, the ionization coefficient is 
Suppressed in the wide gap material. Consequently, holes 
cannot cause impactionization. That is, the effect attained by 
the multiplication layer having a graded composition and the 
effect attained by the structure with the composition thereof 
being graded from InAlAS to InGaAS permit only electrons 
to cause impact ionization. This can realize an ionization 
coefficient ratio close to infinity. 

Next, the effect attained by the multiplication layer width 
not more than 0.1 um will be explained. According to 
conventional APDS, impact ionization occurs in the multi 
plication layer in a random manner without dependency 
upon places. By contrast, in the APD according to the 
preferred embodiment of the invention, Since the multipli 
cation layer width is narrow, impact ionization occurs in a 
limited place, that is, around InGaAS in the multiplication 
layer having a graded composition. In order to effectively 
develop this phenomenon, in the above Structure, the mul 
tiplication layer width for providing an internal pseudo 
electric field of not less than 50 kV/cm is limited to not more 
than 0.1 um. As a result, a fluctuation in impact ionization 
according to places is reduced. This can provide an exceSS 
noise factor F close to 1 which exceeds the best exceSS noise 
factor of the conventional APDS F=2. Further, the action of 
the multiplication layer having a graded composition and the 
narrow multiplication layer width in a Synergistic fashion 
enables the generation of tunneling dark current at the time 
of electric field application to be Suppressed even in InGaAS, 
in the multiplication layer, having the minimum band gap 
energy. 

Here, problems involved in the conventional graded gap 
APD (for example, Int. Symp. GaAs and Related 
Compounds, Japan, 473–478 (1981)) noted above will be 
pointed pout. In this APD, the composition of the multipli 
cation layer is graded from Alois Gaoss AS to GaAs. Even 
for the APD having a minimum multiplication layer width 
described to be 0.3 um, the internal pseudo-electric field in 
the conduction band is as low as about 16 kV/cm that has 
substantially no effect on the travel of electrons. Further, 
Since the multiplication layer width is large, impact ioniza 
tion occurs randomly without dependence upon places. 
Therefore, even though the infinite ionization coefficient 
ratio could be attained, the exceSS noise factor remains F=2. 
Further, the conventional APD has a problem associated 
with an improvement in ionization coefficient ratio. The 
minimum band gap energy in the multiplication layer is 1.42 
eV for GaAS, indicating that the gap is relatively wide. 
Therefore, a high electric field is required for impact ion 
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6 
ization. This substantially eliminates the effect of the inter 
nal electric field exerted by the graded composition. In 
addition, Since holes also cause impact ionization upon 
application of a high electric field, a high ionization coef 
ficient ratio cannot be provided. 

Next, another preferred embodiment of the invention will 
be explained in FIGS. 3A and 3B. FIG. 3A is a diagram of 
an energy band for the APD according to another preferred 
embodiment of the invention where no electric field is 
applied, and FIG. 3B a diagram of an energy band where an 
electric field is applied. This preferred embodiment is char 
acterized in that an electric field relaxation layer is inter 
posed between the InGaAS light absorbing layer and the 
multiplication layer of In-AlGaAs with the compo 
Sition thereof being graded, the composition of the electric 
field relaxation layer being graded from InGaAS on the light 
absorbing layer Side to InAIAS on the multiplication layer 
Side. 
The light absorbing layer is of p-conductive type, the 

electric field relaxation layer is of p-conductive type, and the 
multiplication layer is n-conductive type. The pn interface is 
the interface of the electric field relaxation layer and the 
multiplication layer, So that the highest electric field is 
applied to InAIAS. By virtue of the wide gap, the generation 
of tunneling dark current can be Suppressed. A relatively 
high electric field is applied to the electric field relaxation 
layer on its multiplication layer Side, that is, a region having 
a composition close to InAIAS. Since, however, in this 
material System, the ionization coefficient of electrons is 
larger than the ionization coefficient of holes, multiplication 
contamination (for example, use of an InP material lowers 
the C/B value in the multiplication layer due to large 
ionization coefficient of holes) in this region can be pre 
vented. In addition, the electric field relaxation layer, as 
shown in FIG.3B, does not serve as barriers, Such as notches 
against the travel of electrons at the time of application of an 
electric field. Therefore, this structure can prevent energy 
loSS of electrons. 
By virtue of the above effects, electrons generated in the 

light absorbing layer, while being accelerated by the electric 
field applied to the light absorbing layer, is passed through 
the electric field relaxation layer and is then injected into the 
multiplication layer. The electrons can be led to the end of 
the wide gap InAIAS multiplication layer while Substantially 
avoiding the energy loSS in the course of the travel of 
electrons. Therefore, electrons injected into the multiplica 
tion layer already have Some energy, and additional energy 
is given in the multiplication layer. This facilitates impact 
ionization. 

Next, a further preferred embodiment of the invention 
will be explained in FIGS. 4A and 4B. FIG. 4A shows an 
energy band structure of APD according to the further 
preferred embodiment of the invention where no electric 
field is applied, and FIG. 4B shows an energy band structure 
where an electric field is applied. This preferred embodiment 
is characterized in that all the light absorbing layer, the 
electric field relaxation layer having a graded composition, 
and the multiplication layer having a graded composition are 
of n-conductive type (or i-conductive type). In this case, a 
depletion layer extends from the light absorbing layer Side. 
The light absorbing layer is an InGaAS narrow gap layer, 
and, hence, the field Strength applicable to the light absorb 
ing layer is as low as about 150 kV/cm. Since, however, an 
internal electric field exists in the multiplication layer by 
Virtue of the effect of the graded composition, the internal 
field strength in the conduction band reaches 275 kV/cm. 
FIG. 4B is an energy band structure where an external 
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electric field of 75 kV/cm is applied. In this case, impact 
ionization of electrons only is possible. Also in this APD 
construction, very low noise characteristics can be achieved. 
A particular advantage of this APD construction resides in 
the simplest structure, that is, a PIN structure. 
A preferred embodiment of the invention will be 

explained in detail in FIG. 5. FIG. 5 is a cross-sectional view 
of an avalanche multiplication type photodetector according 
to the preferred embodiment of the invention. This ava 
lanche multiplication type photodetector comprises: a (100)- 
InP substrate 1; and, provided on the InP Substrate 1 in the 
following order, a 0.5 um-thick n-type InP buffer layer 2 
(n=7x10'7 cm), a 40 nm-thick non-doped n-type multi 
plication layer 3 (n=2x10 cm) of In 1-AlGaAS with 
the composition thereof being graded, a 0.9 um-thick p-type 
InGaAs light absorbing layer 5 (p=2x10" cm), a 0.2 
tum-thick p"-type InP cap layer 6 (p=1x10" cm), and a 0.2 
um-thick p"-type InGaAs contact layer 7 (p=5x10 cm). 
In this case, the multiplication layer 3 having a graded 
composition is characterized in that the composition is 
graded from InAlAS on the light absorbing layer Side to 
InGaAs on the n-type Inp buffer layer side. In order to 
prevent the quantum efficiency from being lowered, the 
InGaAS contact layer in its light incident portion (other than 
a portion just under an electrode) is removed, and a 150 
nm-thick SiNX layer 8 as a passivation layer is deposited, 
followed by provision of a 150 nm-thick p electrode 9 of 
Auzn by deposition. Further, an in electrode 10 is provided 
on the InP Substrate in its side remote from the buffer layer 
2. The n electrode 10 may be formed by deposition of 150 
nm-thick AuCe/Ni and 50 nm-thick TiPtAu. In this APD, 
incident light 11 enters in a direction indicated by an arrow. 
The APD having the above structure is an avalanche 

multiplication type Semiconductor photodetector that, by 
Virtue of the function described above, can increase impact 
ionization of electrons and can provide an effective ioniza 
tion coefficient ratio (C/B ratio) of 100, a maximum band of 
20 GHz, a gain bandwidth product of 250 GHz, and a 
quantum efficiency of 70%, that is, has low-noise and 
ultraspeed response characteristics. Specific examples of 
crystal growth techniques, which can realize the APD Struc 
ture according to this preferred embodiment, include 
MOVPE, MBE, and GS-MBE. Although the APD structure 
has been explained with reference to a Surface incidence 
type APD, the effect of the invention can be realized also in 
a backside incidence type APD and a waveguide type APD. 

Another preferred embodiment of the invention will be 
explained in detail in FIG. 6. FIG. 6 is a cross-sectional view 
of an avalanche multiplication type photodetector according 
to the another preferred embodiment of the invention. This 
avalanche multiplication type photodetector comprises: a 
(100)-InP substrate 1; and, provided on the InP substrate 1 
in the following order, a 0.5 um-thick n'-type InP buffer 
layer 2 (n=7x10'7 cm), a40 nm-thick non-doped n-type 
multiplication layer 3 (n=2x10" cm) of In 1-AlGaAS 
with the composition thereof being graded, a 5 nm-thick 
p-type electric field relaxation layer 4 (p=1x10" cm) of 
In AlGaAs with the composition thereof being 
graded, a 0.9 um-thick p-type InGaAS light absorbing layer 
5 (p=2x10" cm), a 0.2 um-thick p"-type InP cap layer 6 
(p=1x10" cm), and a 0.2 um-thick p"-type InGaAs con 
tact layer 7 (p=5x10 cm). 

In this case, the multiplication layer 3 having a graded 
composition is characterized in that the composition is 
graded from InAlAS on the electric field relaxation layer side 
to InCaAs on the n-type InP buffer layer. The electric field 
relaxation layer having a graded composition is character 
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8 
ized in that the composition is graded from InCaAS on the 
light absorbing layer Side to InAlAS on the multiplication 
layer Side. In order to prevent the quantum efficiency from 
being lowered, the InGaAS contact layer in its light incident 
portion (other than a portion just under an electrode) is 
removed, and a 150 nm-thick SiNX layer 8 as a passivation 
layer is deposited, followed by provision of a 150 nm-thick 
p electrode 9 of AuZn by deposition. Further, an in electrode 
10 is provided on the InP substrate in its side remote from 
the buffer layer 2. The n electrode 10 may be formed by 
deposition of 150 nm-thick AuCe/Ni and 50 nm-thick TiP 
tAu. In this APD, incident light 11 enters in a direction 
indicated by an arrow. 
The APD having the above structure is an avalanche 

multiplication type Semiconductor photodetector that, by 
Virtue of the function described above, can increase impact 
ionization of electrons and can provide an effective ioniza 
tion coefficient ratio (C/B ratio) of 100, a maximum band of 
20 GHz, a gain bandwidth product of 300 GHz, and a 
quantum efficiency of 70%, that is, has low-noise and 
ultraspeed response characteristics. Specific examples of 
crystal growth techniques, which can realize the APD Struc 
ture according to this preferred embodiment of the 
invention, include MOVPE, MBE, and GS-MBE. Although 
the APD structure according to this preferred embodiment 
has been explained with reference to a Surface incidence 
type APD, the effect of the invention can be realized also in 
a backside incidence type APD and a waveguide type APD. 
A further preferred embodiment of the invention will be 

explained in detail in FIG. 7. FIG. 7 is a cross-sectional view 
of an avalanche multiplication type photodetector according 
to the another preferred embodiment of the invention. This 
avalanche multiplication type photodetector comprises: a 
(100)-InP substrate 1; and, provided on the InP substrate 1 
in the following order, a 0.5 lim-thick n'-type InP buffer 
layer 2 (n=7x10'7 cm), a 40 nm-thick non-doped n-type 
multiplication layer 3 (n=2x10" cm) of In, AlGaAS 
with the composition thereof being graded, a 5 nm-thick 
non-doped n-type electric field relaxation layer 12 (n=2x 
10 cm) of In 1-AlGaAS with the composition 
thereof being graded, a 0.9 um-thick non-doped n-type 
InGaAs light absorbing layer 13 (n=1x10" cm), a 0.2 
tum-thick p"-type InP cap layer 6 (p=1x10 cm), and a 0.2 
um-thick p-type InGaAs contact layer 7 (p=5x10 cm). 

In this case, the multiplication layer 3 having a graded 
composition is characterized in that the composition is 
graded from InAIAS on the electric field relaxation layer side 
to InCaAs on the n-type InP buffer layer. The electric field 
relaxation layer having a graded composition is character 
ized in that the composition is graded from InCaAS on the 
light absorbing layer Side to InAlAS on the multiplication 
layer Side. In order to prevent the quantum efficiency from 
being lowered, the InGaAS contact layer in its light incident 
portion (other than a portion just under an electrode) is 
removed, and a 150 nm-thick SiNX layer 8 as a passivation 
layer is deposited, followed by provision of a 150 nm-thick 
p electrode 9 of AuZn by deposition. Further, an in electrode 
10 is provided on the InP substrate in its side remote from 
the buffer layer 2. The n electrode 10 may be formed by 
deposition of 150 nm-thick AuCe/Ni and 50 nm-thick TiP 
tAu. In this APD, incident light 11 enters in a direction 
indicated by an arrow. 
The APD having the above structure is an avalanche 

multiplication type Semiconductor photodetector that, by 
Virtue of the function described above, can increase impact 
ionization of electrons and can provide an effective ioniza 
tion coefficient ratio (C/B ratio) of 100, a maximum band of 
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30 GHz, a gain bandwidth product of 200 GHz, and a 
quantum efficiency of 70%, that is, has low-noise and 
ultraspeed response characteristics. Specific examples of 
crystal growth techniques, which can realize the APD Struc 
ture according to this preferred embodiment of the 
invention, include MOVPE, MBE, and GS-MBE. Although 
the APD structure according to this preferred embodiment 
has been explained with reference to a Surface incidence 
type APD, the effect of the invention can be realized also in 
a backside incidence type APD and a waveguide type APD. 
AS is apparent from the foregoing description, according 

to the present invention, a Semiconductor photodetector at 1 
tim wavelength for long distance optional communications 
can be provided which possesses very low noise character 
istics and, in addition, ultraspeed characteristics. 

The invention has been described in detail with particular 
reference to preferred embodiments, but it will be under 
stood that variations and modifications can be effected 
within the Scope of the invention as Set forth in the appended 
claims. 
What is claimed is: 
1. An avalanche multiplication type Semiconductor 

photodetector, comprising: 
a Semiconductor Substrate; and 
at least one light absorbing layer and a single continuous 

multiplication layer disposed upon Said Semiconductor 
Substrate, wherein the light absorbing layer comprises 
InGaAs, the multiplication layer comprises In 
AlGaAs with the composition thereof being graded so 
that an energy band value is essentially continuously 
decreased from the light absorbing layer Side through 
the multiplication layer to the multiplication layer Side 
remote from the light absorbing layer, wherein the 
multiplication layer has a thickness of not more than 
approximately 0.1 um. 

2. An avalanche multiplication type Semiconductor 
photodetector, comprising: 

a Semiconductor Substrate; and 
at least one light absorbing layer and a single continuous 

multiplication layer disposed upon Said Semiconductor 
Substrate, wherein the light absorbing layer comprises 
InGaAs, the multiplication layer comprises In, 
AlGaAs with the composition thereof being graded so 
that an energy band value is essentially continuously 
decreased from the light absorbing layer Side through 
the multiplication layer to the multiplication layer Side 
remote from the light absorbing layer, wherein an 
electric field relaxation layer of In-AlGaAS is 
interposed between the light absorbing layer and the 
multiplication layer. 

3. An avalanche multiplication type Semiconductor pho 
todetector comprising: 

a Semiconductor Substrate; and 
at least a light absorbing layer and a multiplication layer 

provided on Said Semiconductor Substrate, the light 
absorbing layer comprising InGaAS, the multiplication 
layer comprising In 1-AlGaAS with the composi 
tion thereof being graded So that the energy band is 
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continuously decreased from the light absorbing layer 
Side toward the multiplication layer in its side remote 
from the light absorbing layer; 

wherein the composition of the multiplication layer is 
graded from InAlAS to InCaAS, 

wherein the multiplication layer has a thickness of not 
more than 0.1 um; 

wherein an electric field relaxation layer of In 
AlGaAS is interposed between the light absorbing 
layer and the multiplication layer; and 

wherein the composition of the electric field relaxation 
layer is grade from InGaAS on the light absorbing Side 
to InAlAS on the multiplication layer Side So as to 
continuously increase the energy band. 

4. The Semiconductor photodetector according to claim 2, 
wherein the light absorbing layer is of p-conductive type, the 
electric field relaxation layer is of p-conductive type, and the 
multiplication layer is n-conductive type or a high-resistance 
layer (i-conductive type). 

5. The Semiconductor photodetector according to claim 2, 
wherein all the light absorbing layer, the electric field 
relaxation layer, and the multiplication layer are of 
n-conductive type or a high-resistance layer (i-conductive 
type). 

6. The Semiconductor photodetector according to claim 3, 
wherein the light absorbing layer is of p-conductive type, the 
electric field relaxation layer is of p-conductive type, and the 
multiplication layer is n-conductive type or a high-resistance 
layer (i-conductive type). 

7. The Semiconductor photodetector according to claim 3, 
wherein all the light absorbing layer, the electric field 
relaxation layer, and the multiplication layer are of 
n-conductive type or a high-resistance layer (i-conductive 
type). 

8. The Semiconductor photodetector according to claim 1, 
wherein an electric field relaxation layer of In 
AlGaAs is interposed between the light absorbing layer 
and the multiplication layer. 

9. An avalanche multiplication type Semiconductor 
photodetector, comprising: 

a Semiconductor Substrate; and 
at least one light absorbing layer and a single continuous 

multiplication layer disposed upon Said Semiconductor, 
wherein the light absorbing layer comprises InGaAS, 
the multiplication layer comprises In 1-AlGaAS 
with the composition thereof being graded So that an 
energy band value is essentially continuously 
decreased from the light absorbing layer Side through 
the multiplication layer to the multiplication layer Side 
remote from the light absorbing layer, wherein the 
composition of the multiplication layer is graded from 
InAIAS to InCaAS from the absorbing layer to the 
multiplication layer Side remote from the light absorb 
ing layer, wherein an electric field relaxation layer of 
In AlGaAs is interposed between the light 
absorbing layer and the multiplication layer. 

k k k k k 


